W&M ScholarWorks
Dissertations, Theses, and Masters Projects

Theses, Dissertations, & Master Projects

2021

Evaluating The Use Of Acoustic Warning Signals To Reduce Avian
Collision Risk
Robin Grace Thady
William & Mary - Arts & Sciences, rthady@gmail.com

Follow this and additional works at: https://scholarworks.wm.edu/etd
Part of the Biodiversity Commons, and the Natural Resources and Conservation Commons

Recommended Citation
Thady, Robin Grace, "Evaluating The Use Of Acoustic Warning Signals To Reduce Avian Collision Risk"
(2021). Dissertations, Theses, and Masters Projects. William & Mary. Paper 1638386769.
https://scholarworks.wm.edu/etd/1638386769

This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.

Evaluating the use of acoustic warning signals to reduce avian collision risk

Robin Grace Thady
Sandston, Virginia, USA

B.S. Biology, College of William & Mary, 2019
B.S. Environmental Science, College of William & Mary, 2019

A Thesis presented to the Graduate Faculty of The College of William &
Mary in Candidacy for the Degree of
Master of Science

Department of Biology

College of William & Mary
August 2021

© Copyright by Robin G. Thady 2021

APPROVAL PAGE

This Thesis is submitted in partial fulfillment of
the requirements for the degree of
Master of Science

____________________________________________
Robin Grace Thady

Approved by the Committee June 2021
____________________________________________
Committee Chair
John Swaddle, Professor, Biology
College of William & Mary

____________________________________________
Daniel Cristol, Chancellor Professor, Biology
College of William & Mary

____________________________________________
Matthias Leu, Associate Professor, Biology
College of William & Mary

COMPLIANCE PAGE

Research approved by
Institutional Animal Care and Use Committee (IACUC)

Protocol number: IACUC-2019-09-22-13861-jpswad

Date of approval: September 22, 2019

ABSTRACT
Collisions with human-made structures are responsible for billions of bird deaths
each year, resulting in ecological damage as well as regulatory and financial
burdens to many industries. Acoustic warning signals can alert birds to obstacles
in their flight paths in order to mitigate collisions, but these signals should be
tailored to the sensory ecology of birds in flight. The effectiveness of various
acoustic warning signals likely depends on the influence of background noise and
the relative ability of various sound types to propagate within a landscape.
I evaluated the ability of four sound signals to elicit collision-avoidant flight
behaviors from birds released into a flight corridor containing a physical obstacle.
I selected signals to test two frequency ranges (4-6 kHz or 6-8 kHz) and two
temporal modulation patterns (broadband or frequency-modulated oscillating) to
determine whether any particular combination of sound attributes elicited the
strongest collision avoidance behaviors.
I found that, relative to control flights, all sound treatments caused birds to
maintain a greater distance from hazards and to adjust their flight trajectories
before coming close to obstacles. There were no statistical differences among
different sound treatments, but consistent trends within the data could suggest
that the 4-6 kHz frequency-modulated oscillating signal elicited the strongest
avoidance behaviors, followed by the 6-8 kHz broadband signal.
I conclude that acoustic warning signals could be an effective avian collision
deterrent in several contexts, and that the particular sound used in a warning
signal may impact the detectability of the signal as well as the type of flight
behaviors used to evade a collision. These findings can be used to design more
effective warning signals and demonstrate the value of using behavioral data to
assess collision risk.
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Chapter 1
Evaluating the use of acoustic warning signals to reduce avian collision
risk

Introduction
North American bird populations have declined by nearly 30% in the last
50 years (Rosenberg et al 2019), largely resulting from anthropogenic stressors.
Collisions with humanmade structures such as wind turbines, power lines,
communication towers, aircraft, buildings, and windows are among the most
notorious sources of accidental bird mortality (Klem 2008, Manville 2005,
Zakrajsek and Bissonette 2005), causing hundreds of millions of bird deaths in
the United States annually (Loss et al 2014). The resulting loss of avian
biodiversity has serious ecological and conservation consequences (Şekercioǧlu
et al 2004), and damages from collisions themselves impose financial burdens
on a variety of industries and raise potential threats to human safety (Allan 2000,
Thorpe 2012, Richardson and West 2000). It is essential to reduce the incidence
of bird collisions in order to stabilize ecosystems, appease economic
stakeholders, and improve the safety and efficiency of commerce and
transportation.

1

Ecological and Economic Implications of Collisions and Avian Population Decline
Birds provide a number of important ecological services, so avian
population declines may have additional ramifications throughout the ecosystems
they inhabit. For example, birds provide pest reduction services, particularly
within agricultural landscapes (Kale et al 2014; Garfinkel & Johnson 2015;
Martínez-Salinas et al 2016), with insectivorous birds globally consuming around
400 million metric tons of prey biomass each year (Nyffeler et al 2018). This
predation results in reduced damage to plants (Van Bael et al 2008) and
increased crop yields (Maas et al 2013, Gras et al 2016). Therefore, bird declines
may result in tangible agricultural consequences with the potential to affect the
food supply. Birds are also important for seed dispersal throughout landscapes
(Garcia et al 2010). Thus, bird declines may alter plant compositions throughout
ecosystems, which may have bottom-up effects on other organisms that rely on
plants for energy or habitat.
In addition to the important ecological impacts associated with avian
biodiversity loss, bird collisions are also quite costly to a variety of industries. In
the aviation sector, for example, total costs from delays, cancellations, and
damages related to bird collisions are conservatively estimated at around US
$1.2 billion each year globally (Allan 2000). Bird strikes with civil (Thorpe 2012)
and military (Richardson and West 2000) aircraft have also contributed to
hundreds of human fatalities as well as the destruction of expensive aircraft and
equipment. Some sectors have also been met with fines and legal prosecution
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for violating the Migratory Bird Treaty Act (16 U.S.C. 703-712) through their
association with the unlawful killing of protected species. For example, in 1999,
Moon Lake Electric Association was fined $100,000 and required to serve a
probationary period and implement an avian protection plan for the electrocution
of protected raptors at their power lines (Manville 2005). By deterring birds from
collision-prone locations, these financial and regulatory burdens can be
mitigated, reducing the threat to human life and preserving the structural integrity
of aircraft, power lines, wind turbines, and other human developments.
Furthermore, industries may experience damaged reputations due to their
associations with bird deaths. In particular, bird collisions can tarnish the images
of otherwise environmentally oriented companies like wind energy groups. Some
critics use bird mortality as justification to pull support from wind power, and the
potential for collisions at wind turbines has created conflict with clean energy
goals (Erickson et al 2001). This has forced some conservationists to reconcile
the immediate impacts of turbine collisions with the long-term effects of climate
change; ironically, delaying this shift towards renewable energy may ultimately
pose an even greater threat to birds than collisions themselves given the breadth
of avenues by which climate change may lead to population stress, such as
through habitat change or phenological mismatches (Crick 2004). Although
curtailment of wind turbine blades may reduce some of this mortality, it also
reduces the efficiency of energy generation and is ultimately an insufficient
solution on its own, as birds are still vulnerable to collisions with stationary
3

turbines (Smallwood and Bell 2020). Acoustic warning signals could help resolve
some of the conflict associated with clean energy development by reducing the
threats posed to birds by turbines and other energy infrastructure.
Due to the widespread ecological and economic consequences of
collisions and further declines in avian populations, many stakeholders, from
conservationists to urban designers to communications and energy industry
groups, have a vested interest in reducing the incidence of bird strikes.

Visual Perception and Collision Susceptibility
While a variety of strategies have been tested and implemented to help
resolve the collision crisis, bird strikes will likely continue to occur with increasing
frequency as humans continue to expand urban areas. In order to develop
effective collision mitigation technology, it is first necessary to understand how
birds perceive their surroundings. Human development has fragmented
landscapes with tall objects to which birds are not adapted, and avian visual
systems limit their ability to detect these obstacles, rendering them vulnerable to
collisions.
Most birds have eyes oriented laterally on their heads with non-parallel
optical systems due to the degree of physical separation between their eyes. As
a result, birds’ binocular fields are often narrow (Martin 2007). Their limited
frontal detection is further encumbered because birds must use their peripheral
vision to look in the forward direction, which tends to be less accurate than vision
4

from the center of the eye (Martin 2007). In addition, the narrowness and limited
vertical extent of the binocular field create considerable blind spots in the
posterior, dorsal, and ventral directions of most birds (Martin 2014). Many birds
frequently look downward or turn their heads to the side while in flight (Martin and
Shaw 2010), and these head movements account for the majority of birds’ linear
gaze (Eckmeier et al 2008; Gioanni 1988). Therefore, even subtle adjustments to
the position of the head while in flight may render birds relatively blind to the
direction of travel.
Historically, frontal detection in open airspace has likely been relatively
less important to high-flying or migrating birds due to the lack of tall physical
obstructions in natural landscapes. Because of this and the inherent limitations to
binocular vision, birds in flight may rely more heavily on their lateral visual fields
to detect conspecifics, food, and predators, thus reducing their attention to the
forward direction (Martin 2011). Taken together, birds flying through open
airspace likely have a limited ability to detect obstacles directly in front of them
with sufficient time to react and avoid a collision.
Because birds’ visual perception is often insufficient to detect the collision
hazards themselves, collision mitigation strategies that are solely intended to
engage with the visual system – such as ultraviolet lights, lasers, and boldlypatterned decals – have been met with only limited, context-dependent
effectiveness and reveal great interspecific variation in success (Habberfield and
St. Clair 2016, Blackwell et al 2002, Håstad and Ödeen 2014, Martin 2014).
5

Multimodal warning signals may help resolve the shortcomings of current
collision deterrents by engaging with multiple sensory systems at the same time
to increase avian attention to the surrounding environment. In particular, sound
could be used as a preliminary warning signal to birds as they approach tall
objects, raising their awareness so that they can visually detect the threat and
change direction before a collision can occur.

Auditory Perception and Acoustic Warning Signals
Acoustic warning signals have been demonstrated to cause birds to slow
and redirect their flight paths away from visible collision hazards (Swaddle and
Ingrassia 2017) and to reduce bird activity surrounding obstacles in a field setting
(Boycott et al 2021). However, more research is necessary to determine the
particular changes in flight behavior deployed by birds in avoidance of a collision,
and to ascertain which sounds are the most effective to use as auditory
deterrents; the relative detectability of various sound qualities to birds may mean
that some acoustic warning signals are more effective than others.
According to studies on motionless, anaesthetized birds in the absence of
background noise, birds are generally most sensitive to frequencies between 1
and 5 kHz, and this hearing range is well conserved across most species
(Dooling 2002). However, birds likely experience different sound environments
when in flight than under these laboratory conditions, and different environmental
contexts may present a variety of obstructions across birds’ optimal hearing
6

spectrum. A flying bird’s sound environment likely reflects a combination of
factors such as flapping wings, moving air currents, and Doppler shifts of ambient
noise that complicate auditory perception of their surroundings. Additionally,
attenuation of sounds over large distances, fluctuations in amplitude, and
reverberations off of uneven surfaces have been documented to mask some
aspects of higher-frequency bird calls, while the effects of ground interference
and urban background noise are even greater at lower frequencies (Richards
1981, Dooling et al 2019). Perhaps as a result of this tradeoff, it has been
proposed that most birds rely on an intermediate 2-8 kHz frequency range for
long-range communication (Richards and Wiley 1980).
The effectiveness of artificial sound signals probably depends on many of
the same environmental constraints that affect birdsong. Because these warning
signals are intended to be used in primarily open landscapes, with few trees or
natural tall obstructions aside from the humanmade obstacles themselves, it is
important to consider the most probable constraints to noise and avian hearing
within these contexts. Some obstacles to higher frequency sound travel may be
more prominent in habitats obstructed by tall vegetation (i.e. woodlands) than in
open landscapes, where birds tend to have broader auditory filters and higher
frequency songs (Henry and Lucas 2010). However, lower frequency masking
may still occur from any background noise present within these landscapes. This
includes sounds generated by the collision hazards themselves, such as the
noise generated by turbine blades, which peaks in the 0-4 kHz range (Dooling
7

2002). As a result, it may be necessary for acoustic warning signals to be higher
in frequency than the documented peak sensitivity range of most birds in order to
be more easily detected while birds pass through open landscapes.
In addition to the frequency level of potential warning signals, the temporal
patterns of sounds (hereafter “sound shapes”) may impact the degree to which
they effectively elicit collision avoidance from birds. Sounds that are modulated
over time according to frequency and/or amplitude may elicit a higher degree of
perceived urgency from the listener than constant, unchanging or broadband
tones (Catchpole et al 2014), such as the modulation of emergency sirens as an
example familiar to humans. As a result, warning signals with shifting sound
properties, such as an oscillating frequency range, may be more salient as
collision deterrents for birds.
Here, I evaluated the flight responses of zebra finches (Taeniopygia
guttata) exposed to four sound treatments while flying through an outdoor flight
corridor containing a visible obstacle. I designed sound signals that varied in
frequency ranges (4-6 or 6-8 kHz) and sound shapes (broadband noise within
frequency ranges or frequency-modulated oscillations between these range
limits) to determine whether particular sound properties more effectively elicit
collision avoidance behaviors from the birds. I hypothesized that higher
frequency (i.e. 6-8 kHz) and frequency-modulated sound signals are the most
effective warning signals because they are most easily detectable above the
lower frequency background noise birds experience while in flight and evoke the
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most urgent avoidance responses. Because of this, I predicted that birds
subjected to such signals would reduce their velocity, increase the distance
between themselves and flight obstacles, and adjust the trajectory of their flight
sooner than birds exposed to other types of sound signals, all of which are
behaviors that would contribute to a reduction in the risk of a harmful collision
outside of an experimental enclosure.

Methods
Study System
I performed flight trials from June 1 through July 30, 2020 between the
hours of 0700 and 1200 using captive, domesticated zebra finches housed in
free-flight conditions in an indoor aviary (3.0 m length by 3.0 m width by 2.5 m
height; 18:6 artificial light:dark photoperiod; temperature range approximately 21°
C – 27° C) in Williamsburg, Virginia. Zebra finches are a suitable study system
because their hearing sensitivities are similar to many other songbirds and they
are more easily held in captivity than wild birds (Dooling 2002, Griffith and
Buchanan 2010). I collected repeated measures of flights from 25 individuals,
identifiable by unique color combinations of plastic leg bands, in order to account
for possible among-individual variation in flight behaviors. All procedures were
approved by the Institutional Animal Care and Use Committee (IACUC-2019-0922-13861-jpswad).
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Sound Treatments
To test the effectiveness of different acoustic deterrents to birds in flight, I
created sound signals from all combinations of two frequency ranges and two
sound shapes (Figure 1) using professional online software from WavTones
(Pigeon 2019) and AudioCheck (Pigeon 2018). I selected the 4-6 kHz frequency
to partially overlap with the documented peak auditory sensitivity of birds
(Dooling 2002), while the 6-8 kHz frequency lies beyond this range but has the
potential to be more detectable despite masking by lower-frequency background
noise such as that often produced by industrial and transportation machinery. I
designed “band” treatment files to contain a continuous spectrum of sound waves
within their respective frequency ranges (i.e. bandpass filtered white noise), while
“oscillations” contain frequency modulations between the upper and lower limits
of the frequency ranges, with only one pitch played at a time. The factorial
combination of frequency ranges and sound shapes resulted in four acoustic
treatments: (a) 4-6 kHz band (4-6B); (b) 4-6 kHz oscillation (4-6O); (c) 6-8 kHz
band (6-8B); and (d) 6-8 kHz oscillation (6-8O) (Figure 1).
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Figure 1. Sound treatments. Four sound signals were created from all possible
combinations of two frequency levels (4-6 kHz or 6-8 kHz) and two sound shapes
(“Band” or “Oscillation”).

Flight Trials
One at a time, I released birds within a dark tunnel leading into an outdoor
flight corridor (Figure 2). At a point 3.60 m into the outdoor flight corridor (5.60 m
total from the release point), a black tarp (1.00 m wide) was hung ceiling-toground to simulate an obstacle in the birds’ flight path. I placed a highly
directional speaker (Holosonics AS-168i; 40.0 x 20.0 cm) directly adjacent to the
front side of this obstacle, facing the dark release tunnel at a height of 1.20 m. In
treatment flights, a sound signal played from this speaker at an amplitude of 85
dBA SPL measured by a sound meter (Galaxy Audio CM-130) at the emergence
point of the dark tunnel; because of the directionality of the speaker, this
amplitude was approximately constant at all depths of the tunnel. The signal
11

played for the entire duration of the bird’s flight. In control flights, no sound
played from the speaker, but the speaker remained in place.

Figure 2. Flight corridor schematic. Birds were released inside a dark tunnel
(7.00 x 1.20 x 1.20 m) leading into an outdoor corridor (7.50 x 3.00 x 2.50 m). A
tarp hanging ceiling-to-floor acted as a potential collision hazard. A speaker was
positioned adjacent to the tarp so that the resultant sound beam (in treatment
flights) was directed at the dark tunnel. The bird’s flight pattern was recorded
after its emergence from the dark tunnel using three Go-Pro cameras.
I measured flight behaviors from recordings on three Go-Pro Hero 7 Black
video cameras (60 fps, 1440 resolution, 4:3 aspect ratio, linear shooting mode)
arranged at staggered heights and angles to provide multiple recorded
perspectives of the scene. This aided in recreating three-dimensional flight paths
(see Flight Digitization). I regarded flights as complete when the bird changed
direction by more than 90 degrees relative to the obstacle, flew past the obstacle,
or landed on the ground within the outdoor flight corridor.
Each bird was exposed to all four acoustic treatments in a randomized
order, and each treatment flight occurred within 24-48 hours of a preceding
control flight, for a total of eight flights for each bird. Birds had 5-7 days rest in
their home aviary between consecutive control-treatment pairings. Pairing
treatments with repeated control flights allowed me to monitor whether any
within-individual changes in flight patterns resulted from acoustic treatments
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versus from any change in behavior due to the passage of time and/or after
repeated exposure to the flight corridor.
I included a flight in analyses if the bird flew at least 2.5 m and appeared
within the field of view of at least two of the three cameras, approximately 0.5 m
beyond the end of the dark tunnel. At this distance the bird had flown far enough
to interact with the obstacle and sound signal (in treatment flights). Birds that
failed up to two of their eight flights were given one month of rest before being
exposed again to the missing control-treatment pairings and were retained in the
study if these additional flights were successful. Birds that failed more than two
flights were removed from the study and none of their data were used in
analyses. This occurred for six out of the original cohort of 25, resulting in a final
sample size of 19 birds that successfully completed all eight (four controltreatment pairs) flights and were retained in analyses.

Flight Digitization
Using Argus software (Jackson et al 2016), I synchronized and calibrated
recordings from the three camera angles and manually digitized the bird’s
position in every frame of its flight duration from all three camera views.
Since the cameras all started at slightly different times, synchronization
was necessary to ensure that each numerical frame of the bird’s flight
represented the same instant in time from all three recording perspectives. I
synchronized the cameras with a combination of auditory and visual cues. After
starting the recording on all three cameras and before each series of flight trials, I
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played a series of beeping tones through three walkie talkies that were each
positioned within 0.05 m of each camera. I then turned a flashlight on and off,
positioned such that the flash was visible on all cameras. These sound and light
stimuli were used to synchronize all frames in Argus.
Additionally, a calibration process was also necessary to provide the
Argus software with information on how to generate meaningful, threedimensional spatial coordinates from the combination of viewing perspectives
(Theriault et al 2014). To do this, I maneuvered a 0.46 m wand with brightly
colored spheres affixed to either end around the entire area of the flight corridor.
In Argus, I plotted points on the centroid of each sphere for a total of
approximately 40 to 60 frames, chosen strategically to ensure that a variety of
vertical and horizontal positions and depths in the tunnel were represented.
Providing these paired points from multiple perspectives enabled Argus to
compute how the overlap of various pixel locations corresponded to actual spatial
distances within the tunnel. In order to establish the X-, Y-, and Z-axes of the
active flight space, where the origin was defined as the center of the speaker
(Figure 3), I recorded a right-angled PVC structure held in the view of all three
cameras, level with the speaker, and digitized its extremities.

Figure 3. Positions of X-, Y-, and Z-axes within flight corridor. The X-axis
spans from side to side, the Y-axis spans down the length of the corridor, and the
Z-axis spans floor to ceiling. The three axes intersect at the center of the speaker
to form the origin.
14

After synchronization and calibration of all videos, I digitized each
individual bird’s flights from the initial frame during which it appeared on at least
two of the three cameras until the relevant portion of the flight had been
completed (i.e. the bird changed direction by more than 90 degrees relative to
the obstacle, flew past the obstacle, or landed on the ground). In Argus, I
combined digitized points from each video for each flight to produce threedimensional locations of each bird on each frame of each video. I smoothed
these X-, Y-, and Z- coordinates with a moving window average of eleven frames
(the instantaneous coordinate as well as coordinates from the five preceding and
five following frames) in order to reduce the influence of digitization error on my
calculations of flight metrics.

Metric Calculation
Prior to extracting quantitative metrics from the bird flights, I scored each
flight qualitatively in terms of the general flight patterns, which helped me define
appropriate metrics that described differences among the flights. These
qualitative summaries are given in the appendix (Table A1). Because most flights
proceeded a moderate or long distance into the tunnel and zig-zagging flight
patterns were uncommon, finding each bird’s maximum instantaneous angle of
inflection appropriately captured the moment in the flight during which the bird
made the greatest adjustment to its overall trajectory relative to continuing down
a straight path towards the obstacle.

15

For each flight, I calculated the instantaneous velocity (m/s), distance from
both the obstacle and the speaker (m), and change in flight trajectory with
respect to the position that would be predicted if the bird continued flying in a
straight line from its previous coordinate (Table 1). I then used these intermediate
calculations to compute seven metrics of flight behaviors, defined in Table 2.
I summarized velocity as (1) the within-flight change in velocity from the
first third to the final third of the flight and (2) the average velocity over the entire
course of the flight. These metrics, respectively, captured any acceleration or
deceleration that occurred as the bird’s flight progressed, as well as whether the
overall flight velocity differed between treatments and controls or among different
sound treatments. I determined the minimum distance between the bird and both
(3) the obstacle and (4) the speaker, as well as the distance between the bird
and both (5) the obstacle and (6) the speaker when the greatest change in flight
trajectory occurred, which generated metrics of how close birds came to
experiencing actual collisions under different conditions and where in the course
of the flight they most likely became aware of and began to avoid the hazards.
Finally, I determined the proportion of the total flight that had occurred when this
maximum change in flight trajectory occurred (7). This generated a metric of how
early/late in a flight the birds adjusted their trajectory.
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Table 1. Intermediate calculations. These formulae were used to determine the
bird’s velocity, distance, and changes in flight trajectory at each frame using their
x-, y-, and z- coordinates. These instantaneous values were then used to
calculate the flight metrics described in Table 3.
Description

Formulae and Notes

Instantaneous
velocity (m/s)
at frame n

!! = $(&! − &!"# )$ + (*! − *!"# )$ + (+! − +!"# )$ ∗ 60
The vector distance (m) between two consecutive positions is multiplied by
the frame rate (60 fps) to achieve instantaneous velocity in m/s.
(a) With respect to the obstacle at X = 0 and Y = 0 (excluding the Z
plane, as the obstacle occupies all possible Z coordinates):

Distance (m)
at frame n

/!!"#$%&'( = $&!$ + *!$
(b) With respect to the speaker at X = 0, Y = 0, and Z = 0:
/!#)(%*(+ = $&!$ + *!$ + +!$
(a) Curvature (rad/m):
0=

|& % + %% − + % & %% |
&%$ + +%$

(b) Angle of inflection (rad):
Change in
flight
trajectory at
frame n

Θ! = cos"#

$%!"#$%&$'($) " %! ' ∗ $%!"#+'(,+- " %! ' ) $*!"#$%&$'($) " *! ' ∗ $*!"#+'(,+- " *!'
+ $%!"#

$%&$'($)

.

.

.

" %!' ) $*!"#$%&$'($) " *! ' ∗ + $%!"#+'(,+- " %! ' ) $*!"#+'(,+- " *!'

.

,

where &!&#(,)(&$(- = &! + (&! − &!"# ) and +!&#(,)(&$(- = +! + (+! − +!"# )
Both calculations exclude movement in the Y direction, which dilutes any
meaningful changes in trajectory by including the bird’s forward motion.
The greatest change of flight trajectory was determined as the frame during
which both curvature and angle of inflection were maximized.
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Table 2. Flight metrics. Seven metrics of collision avoidance were computed
from birds’ three-dimensional coordinates, related to flight velocity, distance from
speaker and collision hazard, and change in flight trajectory.
Metric Description
1. Within-flight change in velocity (m/s)
2. Average velocity (m/s)
3. Minimum distance from obstacle (m)
4. Minimum distance from speaker (m)
5. Distance from obstacle when bird
makes greatest adjustment in flight
trajectory (m)
6. Distance from speaker when bird
makes greatest adjustment in flight
trajectory (m)
7. Proportion of flight completed when
bird makes greatest adjustment in
flight trajectory

Calculation Method
Average velocity in final third of flight
minus average velocity in first third of flight
Average velocity over the entire course of
the flight
Smallest distance measurement between
the bird and the obstacle
Smallest distance measurement between
the bird and the speaker
Distance between the bird and the
obstacle at frame when change in flight
trajectory is greatest (both curvature and
angle of inflection are maximized)
Distance between the bird and the speaker
at frame when change in flight trajectory is
greatest
Frame number at which greatest change in
flight trajectory occurs divided by total
number of frames in flight

I inferred relative collision risk from these metrics. Flights in which birds
move at a lower velocity, maintain a greater distance from obstacles, and/or
adjust their trajectory farther away from hazards are most likely to result in
successful avoidance of a collision. Furthermore, assessing distance from the
speaker and from the obstacle separately allowed insight into whether avoidance
behaviors were in response to the warning signal or visual detection of the flight
hazard.

Statistical Analyses
All statistical analyses were performed using R version 3.6.3. I first
checked all data for normality using the Shapiro-Wilk test (“shapiro.test()” in base
R) and verified that all data for each metric met this assumption. To determine
whether flight behaviors differed according to whether or not a treatment was
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used, the frequency level of the sound signal, and/or the sound shape, I ran
three-factor Type III repeated measures analyses of variance (ANOVA) using the
function “anova_test()” from the rstatix package (Kassambara 2021). Withinindividual factors included were treatment (control vs. treatment flights for each
bird), frequency (4-6 vs. 6-8 kHz), and sound shape (band vs. oscillation), as well
as all possible interactions between these attributes. I performed this analysis
separately for each of the seven flight metrics.
I also computed a principal components analysis (PCA) to determine
whether flight metrics were correlated and subsequently associated with any of
the sound signals. To do this, I transformed the data by subtracting the metric
calculations of each control flight from their paired treatment flights, thus
providing each a treatment measurement relative to baseline flight behavior. I
performed a PCA that included all seven adjusted flight metrics (control minus
treatment) as input variables using the “princomp()” function from base R. I
analyzed differences in PC1 and PC2 scores separately in response to the four
sound signals through two-way repeated measures ANOVAs with frequency and
sound shape as within-individual factors. Measurements are reported as means
± SEM.
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Results
Sound Treatments vs. Control Flights
Birds maintained a greater minimum distance from the obstacle during
treatment flights compared with control flights (F1,18 = 21.40, p = 0.0002).
Specifically, birds kept about 50% more distance from the obstacle (black tarp)
during sound treatment flights (2.12 ± 0.13 m) than in controls (1.41 ± 0.12 m).
Sound treatments also caused birds to maintain a greater minimum distance
from the speaker (F1,18 = 28.59, p < 0.0001). Birds flew 39% further from the
speaker in treatment flights (2.53 ± 0.13 m) compared with in control flights (1.82
± 0.11 m).
Birds also made the greatest adjustment to their flight trajectory at a
further distance away from both the obstacle (F1,18 = 17.70, p < 0.0001) and the
speaker (F1,18 = 21.65, p = 0.0002) during treatment flights compared with
controls. This adjustment occurred at an average of 2.89 ± 0.11 m from the
obstacle and 3.30 ± 0.11 m from the speaker in all treatment flights compared
with means of 2.33 ± 0.13 m and 2.68 ± 0.13 m, respectively, in controls. Thus,
the sound signals elicited the greatest change in flight trajectory about 26%
further away from the obstacle and about 22% further away from the speaker.
There was no difference between control and treatment flights for the
within-flight change in velocity (F1,18 = 0.41, p = 0.53), average velocity (F1,18 =
3.02, p = 0.10), or the proportion of flight completed during the greatest
adjustment in flight trajectory (F1,18 = 2.55, p = 0.13).
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Comparisons Among Sound Signal Types
For each of the seven metrics of flight, I found no statistically significant
differences in flight behavior according to frequency level (i.e. 4-6 vs. 6-8 kHz),
sound shape (i.e. band vs. oscillation), or the interaction of the two (Table 3).
However, after inspecting means and 95% confidence intervals of treatment
flights relative to controls (Figure 4), I observed that flight responses to the 4-6O
signal and to the 6-8B signal resulted in behaviors associated with a greater
probability of collision avoidance. Birds exposed to the 4-6O signal maintained
the greatest distance from both the obstacle (4C) and the speaker (4D), adjusted
their flight trajectories further away from both the obstacle (4E) and the speaker
(4F), and made this maximum change in their flight trajectory earlier than birds
exposed to all other sound signals (4G). Birds exposed to the 6-8B signal
decreased their velocity the most over the course of the flight (4A) and
maintained a greater distance from both the obstacle and the speaker (4C – 4D).
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Table 3. Statistical comparisons of flight behaviors according to sound
signal attributes. The seven flight metrics (described in Table 3) were compared
using three-factor Type III ANOVA to determine whether flight behaviors differed
according to the frequency level of the sound signal and/or the sound shape. F
statistics and p-values are given for each factor.
Flight Metric

Frequency Level

Sound Shape

Interaction of
Frequency and
Shape

1. Within-flight
change in velocity
(m/s)

F1,18 = 0.798

F1,18 = 3.147

F1,18 = 0.536

p = 0.383

p = 0.093

p = 0.474

2. Average velocity
(m/s)

F1,18 = 0.445

F1,18 = 0.002

F1,18 = 1.369

p = 0.513

p = 0.961

p = 0.257

3. Minimum distance
from obstacle (m)

F1,18 = 0.596

F1,18 = 0.106

F1,18 = 2.377

p = 0.450

p = 0.749

p = 0.141

4. Minimum distance
from speaker (m)

F1,18 = 0.096

F1,18 = 0.035

F1,18 = 1.937

p = 0.760

p = 0.853

p = 0.181

F1,18 = 0.013

F1,18 = 2.360

F1,18 = 2.544

p = 0.910

p = 0.142

p = 0.128

F1,18 = 0.266

F1,18 = 3.358

F1,18 = 3.163

p = 0.612

p = 0.083

p = 0.092

F1,18 = 0.006

F1,18 = 2.778

F1,18 = 1.309

p = 0.940

p = 0.113

p = 0.268

5. Distance from
obstacle when bird
makes greatest
adjustment in flight
trajectory (m)
6. Distance from
speaker when bird
makes greatest
adjustment in flight
trajectory (m)
7. Proportion of flight
completed when
bird makes
greatest
adjustment in flight
trajectory
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Figure 4. Flight metrics of birds in response to sound treatments. Data
shown are mean (± 95% CI) of treatment response minus control response for
each bird. Dotted lines indicate the threshold at which there is no difference in
the metric of interest between treatment and control flights. Magnitudes and units
of y-axes differ from panel to panel. Treatments: 4-6 kHz in red, 6-8 kHz in blue;
band signals given in closed circles and abbreviated “B”, oscillating signals given
in open circles and abbreviated “O”. Panels represent the (A) within-flight change
in velocity (m/s), (B) average velocity (m/s), (C) minimum distance from the
obstacle (m), (D) minimum distance from the speaker (m), (E) distance from
obstacle (m) at greatest change in flight trajectory, (F) distance from speaker (m)
at greatest change in flight trajectory, and (G) proportion of flight completed at
greatest change in flight trajectory.
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Principal Components Analysis
PCA loadings are shown in Table 4, wherein components 1 and 2 account
for 81% of the observed variance. Based on the directionality of these loadings,
component 1 (“PC1”) is positively associated with flights in which the bird flew
more quickly, came closer to the obstacle and the speaker, and adjusted its
angle with a lower distance from the obstacle and the speaker in the treatment
than in the control. Therefore, a decreasing score for PC1 would indicate
increased collision avoidance in the form of flying more slowly and further away
from the collision threat. Component 2 (“PC2”) is positively associated with flights
in which the bird accelerated, flew more quickly, and adjusted its angle earlier
and further from the obstacle and speaker in the treatment than in the control.
Therefore, an increasing score for PC2 would indicate responses where birds
adjusted the direction of their flight early and accelerated thereafter. I interpret
this to be an additional way in which birds could avoid a collision.
PC1 and PC2 scores did not differ in response to frequency levels (F1,18 =
0.19, p = 0.67 for PC1 and F1,18 = 0.83, p = 0.38 for PC2), sound shapes (F1,18 =
0.74, p = 0.40 for PC1 and F1,18 = 3.32, p = 0.09 for PC2), or the interaction effect
(F1,18 = 3.20, p = 0.09 for PC1 and F1,18 < 0.001, p = 0.99 for PC2). I observed a
non-statistically-supported trend indicating that birds exposed to the 4-6O signal
tended to have the lowest average scores for PC1 and the highest average
scores for PC2 (Figure 5), thus maximizing both types of collision-avoidant
behaviors. Birds also tended to have lower scores for both PC1 and PC2 in
response to the 6-8B signal than to the remaining two signals, indicating that any
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avoidant behaviors in response to this signal more likely occurred through a
reduction in velocity and a greater distance maintained from the hazards rather
than from an early adjustment in the trajectory of flight.
Table 4. Flight metric loadings in principal components 1 and 2. Positive
loadings are shown in green and negative loadings are shown in red.
Metric Description

PC 1 Loading

PC 2 Loading

1. Within-flight change in velocity (m/s)

0.167

0.684

2. Average velocity (m/s)

0.398

0.515

3. Minimum distance from obstacle (m)

-0.473

-

4. Minimum distance from speaker (m)

-0.423

-

5. Distance from obstacle when bird makes
greatest adjustment in flight trajectory (m)

-0.463

0.342

6. Distance from speaker when bird makes
greatest adjustment in flight trajectory (m)

-0.440

0.370

-

-0.106

7. Proportion of flight completed when bird
makes greatest adjustment in flight trajectory

Figure 5. Plot of PC1 and PC2 for each flight. Data shown are means ± 95%
CI of treatment minus control for each bird in each treatment. Treatments: 4-6
kHz in red, 6-8 kHz in blue; band signals given in closed circles, oscillating
signals given in open circles. More negative PC1 scores and more positive PC2
scores are interpreted as collision-avoidant flight behaviors.
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Discussion
I found that the acoustic signals caused birds to maintain a greater
distance from potential collision hazards and to adjust their trajectories before
coming close to these hazards, as compared to flights during control conditions.
In addition, from the range of signals I tested, there were consistent but nonsignificant trends suggesting that a signal whose sound was modulated in
frequency between 4 to 6 kHz (i.e. 4-6O signal) may have stimulated the
strongest collision avoidance behaviors.
These observations do not uniformly support my hypothesis that higher
frequency signals are more detectable to birds above background noise, as the
strongest collision avoidance behaviors were observed in response to a signal in
the relatively lower 4-6 kHz frequency range compared to a 6-8 kHz signal range.
However, the salience of the 4-6O signal aligns well with our existing knowledge
of the frequency range at which avian auditory sensitivity is maximized, as the 46 kHz range overlaps with the 1-5 kHz range of maximum sensitivity (Dooling
2002). This finding is also corroborated by recent field testing at communication
towers in the Delmarva Peninsula, in which the lowest general bird activity,
lowest velocity, greatest distance between birds and towers, and earliest change
in flight trajectory occurred when 4-6 kHz acoustic warning signals were used
compared with 6-8 kHz signals and controls (Boycott et al 2021).
Perhaps the sound environment surrounding this flight corridor
experimental setup did not provide a sufficient level of lower-frequency
background noise to mask the 4-6 kHz signal, and the sound generated by the
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motion of flight alone may not have been loud enough or in the correct frequency
range to mask the signals. However, it is also interesting that the next-mosteffective treatment was the 6-8B signal, which differs from the 4-6O signal both in
frequency range and in sound shape. This suggests that the relative detectability
of various frequency levels may be partially counterbalanced by the sound shape
used in a warning signal. Previous research has demonstrated that pure
frequency-sweeping tones elicit greater perceived urgency from human listeners
as compared to complex harmonic (e.g. broadband) tones (Catchpole et al
2004). Frequency-modulated oscillating signals may have similar effects on birds
when used within their peak auditory sensitivity range, which may explain why
the 4-6O signal elicited consistently stronger avoidance behaviors than did the 46B signal. However, broadband sounds are easier to localize than pure tones
(Vaillancourt et al 2013), which may compensate in part for the relatively less
detectable pitch of the 6-8 kHz frequency range. This may explain why the 6-8B
signal caused birds to reduce their velocity and maintain a greater distance than
did the 6-8O signal.
Future iterations of this research could attempt to simulate the noise
environment of a landscape in which birds experience collision risks (such as a
wind farm) to determine whether these results are consistent when there is more
background noise that may affect the relative detectability of each of these
signals. Given that most noise from turbines occurs in the 0-4 kHz range (Dooling
2002), and therefore below the frequency level of any of the warning signals I
tested, I expect that these conclusions may maintain their relevance in those
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contexts. It is also worth investigating sound signals in even lower frequencies –
such as 2-4 kHz – which are even more targeted to birds’ peak hearing sensitivity
but are also much more likely to be masked by any background noise (Dooling
2002). Based on my results, I propose that frequency-modulated signals within or
below the 4-6 kHz range may be more effective at deterring birds in locations
where background noise is minimal, but that 6-8 kHz broadband signals can be a
suitable alternative when lower frequency levels are obstructed by environmental
sound.
The fact that birds maintained a greater distance and adjusted their flight
trajectory further away from both the speaker and the obstacle during treatment
flights suggests that the birds became aware of the obstacle in the tunnel earlier
when warning signals were used, allowing them time to navigate away from the
object in their path. This finding may also explain why the average flight velocity
did not differ between birds in treatments and controls, as it may not have been
necessary to slow down in avoidance of a collision when birds were already
aware of a hazard and keeping a safe distance.
The effectiveness of these signals in a controlled setting suggests the
potential for success in practical use. The finding that sound treatments in
general elicit collision avoidance behaviors provides encouraging evidence that
implementing any type of acoustic warning signal may increase birds’ attention to
their surrounding environments, reducing the risk of a fatal collision. The
apparent differences in saliency among signals may indicate that the specific
choice of a warning signal may result in different collision avoidance behaviors,
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such as slowing down and turning away from the obstacle (as seen in our PC1)
versus adjusting the flight trajectory to navigate quickly around the obstacle (as
seen in our PC2). In field settings, it may be that the most effective acoustic
signal depends on the nature of the collision hazard as well as the species
targeted for protection.
Importantly, this research underscores the value in using behavioral data
to supplement our understanding of avian collision risk and to evaluate collision
mitigation strategies. Most common metrics of collision risk are derived by
collecting carcasses from hazardous landscapes, which may substantially
undercount mortality from collisions due to the effects of scavenger removal
(Loss et al 2019, Bracey et al 2016, Kummer et al 2016). In addition, these
methodologies fail to account for non-fatal collisions in which birds may endure
physical damage in the aftermath of strikes that affects their survival despite not
causing immediate mortality (Boycott et al 2021). Assessing the consequences of
bird strikes with behavioral data can better capture the costs to birds that survive
collisions. Birds may also experience energetic tradeoffs even when they
successfully avoid a collision (Boycott et al 2021). Birds employ locomotive
responses similar to antipredator behaviors in order to evade collisions
(Bernhardt et al 2010), and obstacle evasion typically involves adjusting the body
angle and flapping more frequently to increase maneuverability (Lin et al 2014),
which may prove costly, especially to migratory species. Considering
adjustments in flight behavior as proxy evidence for the relative risk of a fatal or
injury-inducing collision, and for the consequences of sublethal strikes or
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successful collision avoidance, could allow us to better interpret some of these
nuanced assessments of the threats posed to birds by manmade obstacles and
of the innovations intended to reduce this risk. Furthermore, behavioral metrics
may permit evaluation of intervention strategies to occur on a much shorter
timescale, as it may be possible to record large amounts of behavioral data
within days or weeks in comparison to the months or years required of fatality
studies to reach sufficient sample sizes for assessing collision-reduction
technologies (Boycott et al 2021).
This study reinforces a growing body of evidence that acoustic signals can
increase the detectability of visible obstacles to birds (Swaddle and Ingrassia
2017, Boycott et al 2021), potentially reducing bird mortality and injury from
collisions. Existing visual deterrent strategies, such as painting turbine blades
black to increase visibility (May et al 2020), can be augmented by acoustic
warning signals to further reinforce the probability of visual detection and collision
evasion by birds. In addition to helping curb avian population decline and
preserving birds’ valuable roles within ecosystems, this has positive implications
for groups that experience conflict due to bird strikes (such as the aviation,
power, and communications industries, as well as companies that have office
space in skyscrapers and other tall buildings). Utilizing acoustic warning signals
should reduce the damage to humanmade structures caused by bird collisions in
addition to reducing the collisions themselves, which is economically desirable
and potentially even lifesaving when considering the hazards that bird strikes
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create for aircraft. Such technology may also permit the expansion of renewable
wind energy with lessened disturbance to adjacent avifauna.
Importantly, although acoustic warning signals can be an effective collision
deterrent in some settings, they likely are not the most appropriate technology to
deploy in certain contexts. In human-adjacent areas, frequent use of warning
signals may create a nuisance effect to residents that undermines the practicality
of their use as collision deterrents. Similarly, sound signals may have unintended
consequences on non-avian wildlife, possibly interfering with communication or
inducing other forms of physiological stress (Kight and Swaddle 2011); it is
therefore essential to evaluate these potential externalities thoroughly before
implementing acoustic warning signals. Additionally, even in situations where
there is minimal risk of acoustic warning signals disturbing non-target organisms,
there are some contexts in which sound is unlikely to reduce (or may even
increase) the risk of a collision. Bird-window collisions, for example, are
hypothesized to be less the result of birds not looking ahead and more related to
birds failing to perceive windows as solid obstacles, instead likely seeing
reflected vegetation or open space (Klem 2008). Acoustic warning signals may
therefore not achieve the intended collision prevention in contexts where the
underlying cause of a collision is a perceptual deficit rather than failure to look
straight ahead while flying. Furthermore, some visual cues – such as artificial
light at night – actively attract birds (Lao et al 2020), so implementing sound
signals that draw their attention to these structures may increase the risk of a
collision rather than act as a deterrent (Swaddle and Ingrassia 2017). Under
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these circumstances, I do not recommend the use of acoustic warning signals
and suggest that other anti-collision methodologies be further investigated as
alternatives.
Human development has been a major source of conflict with wildlife.
However, the same innovation that drives urbanization and development can
also be used to devise solutions for the associated threats to wildlife. Continuing
to develop, refine, and implement collision reduction technology such as acoustic
warning signals will minimize the need to impose unrealistic constraints on our
own development while also reducing the consequences of this development on
wildlife.
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Appendix
Table A1. Qualitative flight summaries. This table displays the summarized
qualitative flight scorings in the X- (horizontal), Y- (depth), and Z- (vertical)
dimensions of the flight corridor for each bird. Within each dimension, flight
descriptors are ranked from most to least common occurrence and are broken
down into the percent of qualifying flights that belonged to either a control or any
treatment, with color used to highlight any patterns that more strongly (green)
favored a treatment or a control.
Dimension

X

Rank

Description of flight
pattern

% of
total
flights

% of
qualifying
flights from a
control

% of
qualifying
flights from
any treatment

1

Gradual turn from
beginning to end of flight

38.158

20.690

79.310

2

Straight for majority of
flight, diverted to side
near the end

35.526

75.926

24.074

3 (tie)

Diverted to side early,
then continued straight

11.184

41.176

58.824

3 (tie)

Straight for the entire
flight

11.184

76.471

23.529

4

Zig-zag

3.947

50

50

48.026

64.384

35.616

32.895

50

50

19.079

13.793

86.207

49.342

50.667

49.3333

1
Y

2
3
1

Long flight (within 1 m of
obstacle or past
obstacle)
Moderate flight (within 31 m of obstacle at
nearest distance)
Short flight (> 3 m from
obstacle at nearest
distance)
Upward change in
trajectory

2

Consistently flew at or
above speaker level

34.211

59.615

40.385

3

Consistently flew at or
below speaker level

9.868

33.333

66.667

4

Downward change in
trajectory

6.579

20

80

Z
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